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BASIC STUDIES OF GASES FOR FAST SWITCHES

L. G. Christophorou and S. R. Hunter

Oak Ridge National Laboratory
Oak Ridge, Tennessee 37831.-...,

I. INTRODUCTION .......

This annual report contains a summary of the progress that we have

made during the past year on the identification and optimization of fast

gas mixtures for use in diffuse-discharge switches. Our measurements of

the key transport parameters and breakdown strength characteristics of

several gas mixtures which we have suggested for use in practical

switching devices have recently been published 1-13 or have been sub-

14-17
', mitted for publication.

During the present contractual period, we have expanded the scope

of our research program to include not only the measurement of the basic

transport and rate coefficients [i.e., the electron drift velocity w,

the electron attachment and ionization coefficients, q/N and a/N,

respectively, the gas ionizing W values, and the high voltage breakdown

field strengths (E/N) im] of gas mixtures of potential practical

interest but also to study the behavior of these gas mixtures under more

severe environmental conditions which are likely to occur in practical

applications. In this connection, we have continued our studies of w,

q/N, a/N, and k (the electron attachment rate constant) as a function
a

of gas temperature T and have initiated new projects to study the effect

F "Iof gas temperature on the (E/N) im and the W value of selected gas

mixtures. This information is crucial to the understanding of the

mechanisms limiting the rapid recovery of the dielectric properties of

F the gas mixture after the switch has opened (i.e., the switch current

S. ".
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has decreased to zero) and the high repetition rate operation of the

switch at elevated gas temperatures. We performed these studies in

collaboration with a sister program funded by the Naval Surface Weapons

Center (NSWC) to study the short- and long-term decomposition of these

gas mixtures under varying levels of discharge current and deposited

energy at elevated gas temperatures with different electrode and

18insulator materials. The modifications we have made to our experi-

mental apparatus to allow measurements to be made at elevated gas

temperatures are given in Section II, and the technical progress we have

made on the identification of gas mixtures with desirable electron

transport and rate coefficient properties for use in diffuse gas dis-

charge switching applications are given in Section III.

II. TECHNIQUES

We have used experimental techniques that have been developed in

this laboratory during the past ten years or so to identify gases and

gas mixtures which have the desirable characteristics outlined in

Refs. 1-7 and 14 when used in diffuse discharge opening switches. These

measurements have allowed us to tailor gas mixtures which can optimize

the characteristics required in a given switching configuration.

Measurements of w in pure gases and gas mixtures have been made in

the apparatus described by Christophorou et al. 1 1  This apparatus has

been used to measure w in gas mixtures for use in high speed propor-

tional counters and to study the density dependence of w in dense polar

21
gases.

We have recently used this apparatus to measure w and the electron

attachment and ionization coefficients (q/N and a/N, respectively) in



3

gas mixtures at elevated gas temperatures. However, we have experienced

severe difficulties in performing these measurements at temperatures

above 500 K, as we have noticed that at higher gas temperatures the

electrical insulation material used in the high voltage and signal

feedthroughs loses its high impedance and becomes partially conducting.

We have attempted to overcome this problem by redesigning the oven

heating system to allow forced air cooling of the high voltage and

signal feedthroughs. These modifications have recently been completed,

and measurements at higher gas temperatures will recommence shortly.

Extensive modifications have also been made to our room temperature

high voltage breakdown apparatus to allow measurements of (E/N) .'im to be

made at gas tempertures up to 600 K. These modifications included

redesigning the chamber flanges and cathode support assemblies to remove

any possibility of gas contamination from 0-ring and vacuum grease

emissions at high temperatures. We have previously observed that the

electron attachment rate constant for several gases can either decrease

or increase significantly with gas temperature at temperatures up to

11 13600 K, and we expect that the (E/N)jeim value for these gases will

similarly be a considerable function of the gas temperature T. These

findings will have important consequences for the repetitive operation

of diffuse gas discharge switches at these elevated gas temperatures and

the recovery of the dielectric properties of the gas after a switching

impulse has occurred. Work has also commenced on modifying our W value

(eV to produce an ion pair) apparatus to allow operation at elevated gas

temperatures (up to 600 K).
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II. TECHNICAL PROGRESS

The measurements that have been performed during this reporting

period have allowed us to continue our studies on identifying attaching

gas/buffer gas mixtures which have very desirable electron attaching and

drift velocity characteristics for possible use in diffuse discharge

opening switches. Our measurements of the electron attachment rate

constants and negative ion production cross sections for several

electronegative gases with the desirable electron attaching properties

have now been published.
8 -11 ,13

A. Basic Data

We have measured the electron attachment and ionization coeffi-

cients and electron drift velocities in 02, CH4, CF4, C2F6 , C3F8, and

n-C4Flo gases using a new method of data analysis. The pressure depen-

dence of the electron attachment coefficient in 02, C3F8 , and n-C4F10

and of the electron drift velocity in C3F8 and n-C4F10 have been

analyzed and explained. A paper describing this technique and the

measurements we have performed in these gases has been presented at the

Joint Symposium on Swarm Studies and Inelastic Electron-Molecule

Collisions22 and is being prepared as an open literature publication.

High pressure electron attachment rate constant measurements (k a

qw/N) have been obtained in N2 and Ar buffer gases for the perfluoro-

ethers (CF3 )20 and (CF3)2 S from thermal energy (-.0.04 eV) to '-4.8 eV.

Both (CF3 )2 S and (CF3 )20 have very desirable electron attaching proper-

ties for use in diffuse discharge switches. Knowledge of the electron

energy distribution functions for N2 and Ar buffer gases has enabled us

ly to obtain the electron attachment cross sections (Ga) for these electro-

negative gases from such measurements. Single collision negative ion

U% .

', ; " -" --','-", , ' : W , '-- d d u =-- 
'- "

'' : ' ': :, ,", - , • .' ., ,
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production studies have been performed for these gases which have

identified the initial negative ion and neutral fragments which will be

produced during the operation of the switching gas discharge. These
10

measurements have recently been published. Our measurements of

k a(<e>) and the swarm unfolded attachment cross sections in the per-

Nfluoroalkanes n-C +2 (N = 1-6) have also been published.9 All these

gases have been found to possess very desirable electron attachment

properties as a function of <&> for use in diffuse gas discharge

switching studies.

Measurements of the electron attachment rate constant, ka, have

been made as a function of the mean electron energy, <&>, at gas

temperatures up to 700 K in CCF 3 and up to 750 K in C2 F6. A substan-

tial increase in the rate of electron attachment with gas temperature

has been observed in both of these molecules, which is interpreted as

electron attachment to higher vibrational levels of the ground state of

these molecules. A paper describing these measurements has been

published.

a (<e>) in C3F8 have also been performed recently

as a function of gas temperature up to 750 K in argon buffer gas (over

the mean electron energy range 0.76 < <e> 4.8 eV). These measurements

show that at T = 300 and 400 K, ka(<r>) is strongly dependent on gas
a

pressure indicating that parent negative ion formation processes are

significant electron attachment processes at these temperatures. At

higher gas temperatures (T 2 450 K) pressure dependent attachment

processes are absent indicating that electron attachment to C3F8 at

these temperatures is purely dissociative. The overall rate of electron

attachment has been found to initially decrease with increasing T up to

L
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T = 450 K and significantly increase with increasing T above this gas

temperature. These measurements indicate that relatively small changes

in the gas kinetic energy (and hence in the vibrational populations of

the attaching gas) can have a large influence on the electron attaching

properties of a gas molecule which could, in turn, significantly affect

-- the performance of repetitively operated switches operating at elevated

- gas temperatures using these gas mixtures. A paper describing these
13

measurements has recently been published.

,- Electron drift velocity measurements have been made in many gas

mixtures, including CF4/Ar, CF4/CH4 , C2F6/Ar, C2F6/CH4, C3F8/Ar, C3F8/

- CH4, CF3OCF3/Ar, CF3OCF3/CH4, C2F6/N2, CF4/C2F6, and Ar/CH4 over a

-. concentration range of 0.1-100% of the attaching gas in the buffer gas.

- All these mixtures, except the C2F6/N2 mixture, exhibit a pronounced

negative differential conductivity region over a wide range of frac-

tional concentrations of the attaching gas in the buffer gas, and the

position of the maximum in the drift velocity is greatly affected by the

concentration of the attaching gas. 7  The ability to tailor the gas

mixture to obtain the desired mobility enhancement over the appropriate

*i" *E/N range is essential in order to optimize the operating conditions of

the diffuse discharge in the switch. Measurements of the ratio of the

transverse diffusion coefficient to the electron mobility, 0T/p, have

been made in the attaching gases CF4 and C2F6 each in the buffer gases

CH4 . and Ar, using the DT/p apparatus at the Australian National

University. Preliminary data analysis has been made on the measurements

in the C2 F6/CH4 gas mixtures. A paper describing these measurements has

*W been accepted for publication.14

ru.

p-
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An extensive series of measurements of the W value (eV/ip) have

been made in several binary and ternary gas mixtures containing C2F6.

The apparent W value of pure C2 F6 has been found to be very dependent on
w2 6

the total gas pressure and applied voltage due to the large negative

ion-positive ion recombination coefficient in this gas. The true W

value of C F has been found to be 34.7 eV/ion pair from an extrapola-2 6

tion of these measurements to infinite applied voltages. W values have

also been obtained in the binary gas mixtures C2F6/Ar, C2F6/C2H2 C2 F 6/

2-C4H8 , C2H2/Ar, and 2-C4 H8 /Ar. Penning ionization processes have been

found to significantly decrease the W value (i.e., to significantly

increase the amount of ionization) in the latter two gas mixtures and

appear to be absent in the first three mixtures. Measurements of the W

value have also been made in the ternary gas mixtures C2F6/Ar/2-C 4H8 and

C2F6 /Ar/C2H2. The measurements in the C2 F 6/Ar/2-C4H8 gas mixtures

indicate that gas mixtures containing Ar and C F and a small percentage
2 6

of low ionization potential impurity (such as C2 H2 or 2-C4H8 ) can be

tailored so as to minimize the W value of the gas mixture and hence to

optimize the efficiency of electron production in an e-beam-controlled

diffuse discharge switch. A paper describing these measurements and the

theoretical analysis of these results has recently been published. 12

A new set of W-value measurements has been obtained for pure CF4,
C anC

C2F and C3 8 Surprisingly, we have found that the W values of these

S. molecules are almost identical, even though their inelastic and ioniza-

tion cross sections are considerably different. Measurements of W have

also been performed in the following binary gas mixtures: CH4/C2F6,
CH /CF Ar/CF and Ar/C3F Some of these mixtures have been used in
4 49 4) A 3F8

small-scale switching experiments, and the present measurements will be

Uq
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useful in attempting to model the electron conduction properties in

these experiments. We have also measured W values in the following

ternary Penning ionization gas mixtures: CF4/Ar/C 2H2 and C3F8/Ar/C 2H2.

Considerable reductions in the measured W value occur (i.e., gas

ionization increases) when small percentages of C2H2 are added to the

CF4/Ar and C3F8/Ar gas mixtures as was previously observed for the

12C2 F6/Ar/C2 H2 gas mixtures. Analysis of these measurements is in

progress.

Measurements of the electron drift velocity and attachment and

ionization coefficients have been made in C2F6 /Ar and C2 F6/CH4 gas

0 mixtures at gas temperatures of 300 and 500 K over the concentration

range of 0.1 to 100% of the C2 F These measurements are given in

Figs. 1 to 5. The electron ionization coefficient in C F is unchanged2 6

by increases in the gas temperature (Fig. 1), whereas the attachment

°. coefficient increases significantly with T for all concentrations of

C F in either Ar (Fig. 2) or CH4 (Fig. 3). In contrast, the electron

drift velocity is hardly affected by changes in T at high E/N values

near the maximum, particularly at small concentrations of the C2 F6

(Figs. 4 and 5), but the electron mobility (pN = w/E/N) is very

dependent on T at E/N values near thermal (Figs. 6 and 7). These obser-

vations are interpreted in terms of the changes in the electron

" . scattering processes from the higher ground state vibrational levels and

increased total electron attachment cross section of C F6 at elevated

gas temperatures. Further measurements at 700 K are planned for the

near future.

S
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6 I I IORNL-DWG 85-11440

100 C2 F6

E 5 300K 500K

Ar A '7Na
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a (77+±c)/N 0

+

02z

0 100 200 300 400

E/N (10-17 V cm 2 )

FIG. 1. Electron attachment coefficient n/N , electron ionization
coefficient cu/N ,and total ion production coefficient (ci+n)/N of pure
C F at 300 ana, 500 K as a function of E/N. These measuremgnts show
t~AA the ionization coefficient is practically unchanged by increases in
gas temperature, while n/N aincreases considerably (by !--25%) at higher
E/N values,.
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ORNL-DWG 85-15776
T1 1 I I 

10 C2F6 /CH4

z
LLJ

* IL
L&J
0

PERCENTAGE

W ~300K 500K OF C2F6

U 0 0.0

0 30.0

II I0 
100

-~19

E/ N (V cm 2)
FIG. 3. Electron attachment coefficient ql/N for several C F /CH gas
mixtures as a function of E/N at gas tempe~atures of 300 aJd A'~0 K.
These measurements indicate that the attachment coefficient increases
significantly at all concentrations of the attaching gas in the buffer
gas for both the C F /Ar and C F /CH4 gas mixtures.
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ORNL-DWG 85-15779
16 15 11 11

300K 500K I

0.1 % C2F6  C2 F6/Ar *

14
E £ 1.0% C2F6 MIXTURES
0 I

*100% C2F6o12
o 30.0 % C2F6

* 100 % C2 F6  P '
10

I-P

08

-6

0j
4 I I IIIII 1 1

-1 1 1-16 1C-15

E/ N (V cm 2)
*FIG. 4. Electron drift velocities as a function of E/N for several

concentrations of C 2F 6  in Ar at gas temperatures of 300 and 500 K.
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ORNL-DWG 85-15778
18

I 300K 500K";~ ~ V 6 , • 01 CF C2F6/CH4 f
t:: o 10%CFMITRES 'A-1

0.1 % C2F6  ,
S10 % C2 F6  MIXTURES

a A

:.0 0

o 14 * 10.0%C 2 F6

/30.0 % C2 F6
12 100 %C 2 F6

-10

0

0

Li8

0

E/ N (V cm2)
FIG. 5. Electron drift velocities as a function of E/N for several
concentrations of C F in CH4 at gas temperatures of 300 and 500 K. The
dri ft vel oci ti es a; i ttl e 4af fected by changes i n the gas temperature
at the higher E/N values near the peak in the electron drift in both theC2F6/Ar and C2F6/CH 4 gas mixtures.
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ORNL-DWG 85-15777
I lull I * I I t l l l

C2 F6 /CH4

MITUE

..... .. ....------

--- A-

PERCENTAGE
300K 500K OF C2F6z

o 0.1
1.0

c~) o10.0
W a U30.0

A A 100

1-18 o-17 -CF16

E/ N (V cm2)1
FIG. 6. The density normalized electron mobility pN in C F /CH4  gasK mixtures for low E/N values at gas temperatures of 300 and 50 4(
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ORNL-DWG 85-15780
5 1 1 1 F II I I I i 

~*% 4.5 C2 F6 /CH 4

10-%IH MIXTURES

o3.

LLJ te) 3

X 2.5GAS

z TEMPERATURE

2 ~ 300K

* 500K
1.5

PERCENTAGE OF C2 F6 I N OH4

FIG. 7. Thermal electron mobilities in C ,F /CH4  gas mixtures at gas
temperatures of 300 and 500 K. At room tem~e atu're (300 K) the electron
mobility is nearly independent of the concentration of the C F in CH
At higher gas temperatures, the electron mobility becomes a inificaAt
function of C 2F 6 concentration. Similar effects are seen in the C 2F6 /Ar
gas mixtures.
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B. Publications

The majority of the measurements described above have been pub-

lished or have been submitted for publication.1-7  Our measurements of

the electron attachment rate constants and negative ion production cross

sections for the perfluoroalkanes, fluoroethers, and fluorosulfides have

recently been published. 8 10  Our high temperature electron attachment

rate constant measurements to C2F6 and CC2F 3  and our high temperature
31

ka measurement in C3F8 have also been published recently. A paper has

been written for journal publication in which our electron drift

velocity, attachment, and ionization measurements in several proposed

switching gas mixtures have been summarized, and the relevance of these

results to the design and optimization of gas mixtures for diffuse

14discharge switching applications has been outlined. A paper has been

published describing our initial W value measurements in C2F6 gas
12

mixtures. These measurements, analyses, and implicatiohs for diffuse

" gas discharge switching applications have been discussed in a paper

which was presented at the 5th IEEE Pulsed Power Conference (Appendix

A).16  An invited paper was also presented at this conference in which

our measurements of the effect of gas temperature on the electron drift

velocity and electron attaching and ionizing properties of gas molecules

was discussed (see Appendix B).
17

An invited paper describing the effects of elevated gas tempera-

tures on the dissociative and nondissociative electron attachment

properties of gas molecules, which have been observed under partial

support by ONR, has been presented at the Joint Symposium on Swarm

U Studies and Inelastic Electron-Molecule Collisions (see Appendix C). 23

I-.
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PENNING IONIZATION TERNARY GAS MIXTURES FOR DIFFUSE DISCHARGE SWITCHING APPLICATIONS
4

K. Nakanishit L. G. Chriatophorou.: J. G. Carter, and S. R. Hunter
Atomic, Molecular and High Voltage Physics Group

Health and Safety Research Division
Oak Ridge National Laboratory

Oak Ridge, Tennessee 37831

Summary Ar/C 2Fa/2-C4Has have been measured using high energy a
particles and are reported. Since the energies of

The increase in the total ionization produced by the electron beams normally used in diffuse discharge
high energy a particles in Ar/C2F 6 mixtures (which switching applications are in the keV range, the W

have conduction and insulation properties appropriate values for a and 0 particles are expected to be

for use in diffuse discharge switching applications) similar.
5  

The W values of the ternary mixtures were

by addition of low ionization energy additives has found to be lower--total ionization higher--than the
been quantitatively studied. The energy to produce W values of the binary Ar/C2F6 mixtures, by an amount

an electron-ion pair (ip). W, in C2F6 was found to be which depends both on the percentage of the additive

34.7 eV/ip; this rather high value is attributed to to the binary gas mixture and the percentage of C2Fs

the large cross section for electron impact-induced in Ar.

dissociation of C2Fe. The W values of Ar/C 2F6 mix-
tures have also been measured and are reported; they Measurement of W

increase with increasing C2F6 content. The W values

of Ar/C 2 F6 binary gas mixtures have been found to In Fig. 1 is shown the block diagram of the
decrease--higher total ionization--by addition of system we employed to measure W. An uncollimated

C2H2 or 2-C 4HM. Quantitative measurements of the W Pu
2 39 

source was used which produced -6 x 10' a

values of the ternary gas mixtures are reported. The particles per second of initial energy -5.1 MeV. For

amounts of C2 H2 or 2-C4 H5 in Ar/C 2 F6 which maximize the pressures employed (-100 kPa) the a particles
the increase in total ionization have been estimated; were completely stopped in the gaseous medium. The

some of these ternary gas mixtures may be useful in principle of the measurement is described in Ref. 8
e-beam-sustained diffuse discharge switches. (see also Ref. 9). Briefly, when the switch (Fig. 1)

is closed (contact 2 closed), electrons and ions

Binary and Ternary Gas Mixtures for Diffuse created by the a particle energy decay in the gas

Discharge Switching Applications produce a current in the collector circuit which is
collected as charge on the low loss capacitor C.

Christophorou and coworkers
- 4 

have shown that Simultaneously, an electrical stopwatch starts count-

binary gas mixtures composed of buffer gases such as ing the time by closing relay 1. The ramped genera-

Ar and CH4 whose electron scattering cross sections tor in the circuit was used as a source of bucking

have a Ramsauer-Townsend minimum at low energies (at voltage to the capacitor. The voltage of the ramped

-0.3 eV), and electron attaching gases such as CF4 , generator was controlled through a feedback circuit

CzFe , and C3F&, which attach electrons efficiently at by the output of a high impedance voltmeter (-1014 0)

high density-reduced electric fields E/N and have which monitored the potential between X and Y (see

much reduced electron attachment rate constants at Fig. 1).

low E/N, are most appropriate for diffuse discharge

switching applications. Such mixtures have distinct The charge Q collected at the capacitor is

maxima in the electron drift velocity, w, as a func- expressed as the product of the capacitance C and the

tion of E/N at I/N values appropriate for the con- voltage across the capacitor V. The number, n, of

ducting stage of the switch; the have, at these E/N ion pairs produced per second is then given by

values, w values in excess of 10' cm s-' and break-

down strengths >150 x 10
-
17 V cm

2 
for mixtures con-

taining >10% of the attaching gas. n = (1/e)(dQ/dt) = (C/e)(dV/dt), (1)

In the present study we further optimize the
conduction properties of such gas mixtures by where e is the electron charge. The total energy

-" reducing the energy required to produce an electron- deposited in the gas per second by the a particles is

ion pair, W, of the binary gas mixture (e.g., Ar/ EoNo, where Eo is the energy of each a particle and

C2FG). This is achieved by adding to the Ar/C 2Fs  No is the number of a particles which are completely

mixtures small amounts of low ionization energy stopped in the gas per second. Since W is the
additives such as C2 2 and 2-C 4Hs . Since the ioni- average energy required to produce an ion pair, it
zation energies of C2H2 and 2-C4H8 (-11.3 eV and is equal to

'9.2 eV,
s 

respectively) are lower than the excitation
energies of Ar.

s the molecules C2 H2 and 2-C4H8 are
expected to be ionized by collisional energy transfer w = ENo/n = roNo/(C/e)(&V/&t) . (2)

from excited argon atoms
6 (i.e. , via Penning ioniza-

tion processes). The W values of C2F6 , C2H2 , 2-C4H6,

- . Ar/C 2Fs, C2FG/C 2H2 , C2Fs/2-C 4Hs, Ar/C 2F6 /C2H 2 , and

*Research sponsored in part by the Office of Naval Research under contract 43 01 24 60 2 and in part by the
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Since in Eq. (2) C, &0, and No are constant during 0.0 20.0 40.0 $0.0 80.0 100.0

the experiment, the W value can be determined by PERCENTAGE OF Ar OR 2-C 4 H8 OR C2 H 2 IN C2 F6

measuring AV and At for the gas under investigation
and comparing these values with those for a reference
standard gas. In the present experiments, we Fig. 2. Experimental W values of Ar/C 2F6 ,

'. measured the time At required to charge C to a fixed 2-C 4 H 8/C 2 F 6 , and C 2 H2 /C 2 F6 gas mixtures as a function

value (1-824 V) which was the threshold voltage of of the percentage of Ar, 2-C4 H8 , or C2H2 in C2F6 and
the Schmidt trigger circuit. When the voltage across their comparison with the calculated data. The
the capacitor reached the fixed voltage, the elec- symbols are the experimental values; the lines are

. trical stopwatch was stopped by the signal from the calculated results (see Ref. 8).
Schmidt circuit (i.e., relay 2 was opened). Since
the w value for pure argon is vell known The experimental W values of the ternary gas

.-. (26.4 eV/ipS), we used Ar as the standard reference mixtures &r/C2FG/X were measured at a total pressure
. gas in our study. The unknown W value for the gas of 100 kPa and are shown in Figs. 3 and 4. They were

mixture, Wm , was obtained from obtained by adding the impurity gas X (C2H2 or 2-C4H8)
to the Ar/C2 F6 mixtures having the following composi-
tion ratios: 4/1; 9/1; 19/1; 49/1; and 99/1. It is

WAr/At = WM /At M (3) seen that addition of X to the Ar/C2F& mixture
decreases W (increases ionization) considerably. The
decrease in the W of the ternary mixture goes through

using the measured times At A and At required to a minimum for ternary mixtures containing <10% C2FG in
charge C to a fixed value when the chamber was the Ar/C 2 F6  binary component. The smaller the

filled, respectively, with Ar and the gas mixture, percentage of C2F6 in the binary Ar/C2F6 mixture used,
Since C2Fs is an electronegative gas, for pure C2Fs  the lower the concentration of C2H2 or 2-C.H S in the
or for C2 F6 mixtures containing high concentrations respective ternary gas mixture for which the minimum
of C2F6, the W measurement was affected by positive value of W (maximum ionization) is realized The
ion-negative ion recombination. For such systems we observed increase in W with increasing C2Fa/Ar ratio
measured W as a function of pressure and applied is considered to be due to the quenching of the
voltage. At each pressure, plots of W-1 versus V

- 1  
excited argon atoms by C2Fs leading to the dissoci-

extrapolated [for V-
1 - 0 (i.e., E/N * *)] to a ation of the latter; this quenching process competes

common W value free of recombination effects (see with the Penning ionization process involving excited
further details in Ref. 8). argon atoms and ground state X molecules.

W Values

The w values for C2F6 , C2H2 , and 2-C4Ha and the
binary mixtures of C2 F6 with either hr or C2H2 or
2-C 4 He are shown in Fig. 2. The binary mixtures of
C2Fa do not show a "Jesse effect"

s 
[i.e., an abrupt

decrease in W (the W value of the mixture) as small
amounts of 2-e4H, or C2H2 are added to C2F6. due to
Penning ionization], although a number of excited
electronic states of C2 F exist

10 
above the ioniza-

tion energies of C2H2 ad 2.C4Hs The behavior of
the C2F6-containing binary gas mixtures is in con-
trast to that of the binary gas mixtures Ar/2-C4 Hs
and Ar/C 2H2 which showed a Jesse effect;

5s
9 it is

attributed
s 

to the fast dissociation of the electron-
3 ically excited C2 F6 molecules.

7

.
. ,,, . . A . ' , - . .
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Fig. 3. Experimental W values of Ar/C 2 F,/ Fig. 4. Experimental W values of Ar/C 2 F6 /C 2 H2
2-C4HS  ternary gas mixtures as a function of the ternary gas mixtures as a function of the percentage
percentage of 2-C4H5 in the Ar/C 2 F6 mixtures, having of C2H2  in Ar/C 2F6 mixtures having the following
the following compositions: A, Ar/C 2 F6  = 1/0; compositions: A. Ar/C 2F6 = 1/0; B, Ar/ C2F6 = 99/1;
B. Ar/C 2F6 = 99/1; C, Ar/C 2F6 = 49/1; D, Ar/C 2F6  = C, Ar/C 2 F6 = 49/1; D, Ar/C 2F6 = 19/1; E, Ar/C 2F6 =
19/1; E, Ar/C2 F6 = 9/1; F, Ar/C2 F6 = 4/1; G. Ar/C 2F6  9/1; F, Ar/C 2 F6 = 4/1; G, Ar/C 2F6 = 0/1. The symbols
= 0/1. The symbols are the experimental values, and are the experimental values, and the lines are the
the lines are the calculated values using Eq. (4) calculated values using Eq. (4) (see Ref. 8 for
(see Ref. 8 for details). details).

Nodeling of the Data k3
X + O(E) - X-* (transfer of energy from an a

A theoretical analysis of the W data for the particle of energy c to X),
ternary Ar/C2FG/X mixtures has led to the expression

s  
c1

Ar* + X - Ar + X* (transfer of energy from an
excited Ar atom to X),

P AC 2
Ar* + Ar - Ar + Ar + h. (quenching of Ar. via

W' (1 - 1) ,,, k,,),C (k7 PXexcimer emission),

Ar* + C2F6 - Ar + C2F6* (transfer of energy from

kl Ar* to C2F6 ).

XIn Eq. (4), a = Ej(l-r)1 )/r , where t, is the proba-

* *- bility of ionization of ;{by energy transfer from
\X Ic)(+ k2  3kIp Ar*, (1-I),) is the probability of formation of Ar*

-)PC +A Gk X when an a particle of energy E collides with Ar, and
)A is the average excitation energy of Ar.

P A PX
+ a (4)X Through a nonlinear least squares fitting

P'A ( PWc + ( (x P + - X routine,' we found the values of k2 /k1 , k3/k2 , c2 /c1.kl/ \()3H \c/ c3/c1. and a using the data in Figs. 3 and 4 for

Ar/C 2Fe/C2H 2 and Ar/C 2F6 /2-C4 H6. The values of these
parameters are given in Table 1 and have been used in

where W, W, and W , and F , P and P. are, Eq. (4) to obtain the calculated (solid) curves in
respectively, the W vajues and the partial pressures Figs. 3 and 4. The calculated and the experimental
of Ar, C2 F6 and X (C2H2 or 2-C4Hs); kj, k2 , k3, c1 , data agree well for both of the ternary mixtures
c2 , and c3 are the rate constants for the respective indicating that our model is able to satisfactorily
reactions below: account for the observed partial pressure dependences

k, of W in these gas mixtures. The values of the
Ar + a(E) - Ar** (transfer of energy from an a ratios k2/kj, k3/k1 , c2/c1 , and a were also calcu-
particle of energy E to Ar), lated from the data in the binary gas mixtures and

k2  are also given in Table I. They generally agree with
C2 F6 + o(E) - C2F6 ** (transfer of energy from an those calculated in the ternary gas mixtures to
a particle of energy c to C2 F6 ), better than 10%, which is the order of magnitude of

the calculated standard deviations for these

[ - _ _ _ _ _ _ _ _ _ _ _ _

[.~..- - -- - -
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parameters. Consequently, we expect that these References
parameters are accurate to within this error limit
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We obtained, for the first time, quantitative

data on the W values of C2F6 and Ar/C 2 F6 mixtures
which are of interest to diffuse discharge switching
applications. Additionally, we have shown that the
total ionization produced in the Ar/C 2 F6 mixtures by
the external particle beam can be considerably
increased by addition of small amounts of a low
ionization energy additive such as C2H2 or 2-C 4 Hs to
the Ar/C 2F6 mixtures. This can be seen from Figs. 3
and 4 and from the data in Table 2. It can, for
instance, be seen that the W value of a 99% Ar/
1% C2F6  mixture is reduced from 26.7 eV/ip to
22.1 eV/ip by the addition of 3% of C2H2. The
increase in ionizatior.s, of course, a function of
both the relative amounts of C2 F6 in the ternary
mixture and the nature of the additive X. While
other additives besides the ones we used can be
employed, these must not attach slow electrons (this
is the case for both C2 H2 and 2-C 4Hs) and must not
adversely affect the drift velocity maxima which
characterize the binary Ar/C 2?6 mixtures.1-4
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TEMPERATURE DEPENDENT ELECTRON TRANSPORT STUDIES FOR DIFFUSE DISCHARGE SWITCHING APFLICATIONS5

S. R. Hunter, J. G. Carter, L. G. Christophorou, and S. M. Spyrou+

Atomic, Molecular and High Voltage Physics Group

Health and Safety Research Division

Oak Ridge National Laboratory

Oak Ridge, Tennessee 37831

Summary and gas mixtures to optimize the switch operating

conditions as nearly as possible, The relevant basic
A diffuse gas discharge switch must be capable physical quantities include the electron attachment,

of high speed, repetitive switching (i.e., switching recombination, ionization and diffusion coefficients,
times <10-6 s; repetition rates up to 104 Hz; life- and the electron drift velocity as a function of E/N
times up to 107 shots) without significant degrada- (the electric field strength E to gas number density
tion of its electron conduction and opening charac- N ratio). N and gas temperature T; the energy needed
teristics if it is to be useful in pulsed power to produce an electron-positive ion pair W; and the
switching applications. Whenever the switch is high voltage breakdown field strengths of these gas
fired, the gas temperature T within the switch is mixtures. Studies of these transport and rate coef-
expected to rise several degrees centigrade, and ficients at room temperature ('300 K) in several
operating temperatures of several hundred degrees are promising gas mixtures have recently been

likely for repetitively operated switches. The completed.
1
,.

2

electron transport and rate coefficients, such as the
electron drift velocity and the electron attachment Very little work has been performed to date on
coefficient for the most promising gas mixtures under repetitively operated diffuse gas discharges for
study are expected to be functions of T, and conse- switching applications.

3 ,4 
The few studies that have

quently, knowledge of these parameters as a function been made indicate that the current switching and
of T is desirable for modeling the operation of the high voltage breakdown characteristics of the gas
diffuse discharge switch in practical application, mixtures are seriously affected by the frequency of
Measurements of these parameters in C2Fe/buffer gas operation of the switch.

4 ,5  
Under these circum-

(Ar, CH4 , N 2 ) mixtures have been made and are stances it is necessary to know how a given gas

reported. The electron attachment rate constant has mixture will behave in a repetitively operated switch
also been measured for C2 Fe and C 3F8 as a function of and what are the upper limits on the switch repeti-

the mean electron energy <z> (0.7 < <L> < 5 eV) over tion rate and the maximum number of switching opera-
the temperature range 300 S T 750 K. For CF 6 , the tions that can be performed before the transport, and
electron attachment rate constant has been found to hence switching, characteristics of the gas mixture
increase by 30% over this temperature range, while in the switch are seriously altered.
for C3 fF. the attachment rate constant first

decreases when the temperature is increased to 450 K A preliminary study of the time dependence of
and then significantly increases with increasing T. the recovery process within the gas mixture after the
An interpretation of these measurements and their operation of the switch has been made by DeWitt.

6 
He

significance in repetit.vely operated diffuse identified several mechanisms which control the rate
discharge switching gas mixtures is outlined at which the gas mixture recovers its original

behavior. For short time intervals (el-6 s) after
Introduction the switch has opened, large positive and negative

ion and, to a smaller extent, electron number
Externally controlled diffuse gas discharges densities exist in the discharge channel between the

show considerable promise for use as switches where switch electrodes. In this situation. the electric
one wishes to rapidly transfer electrical energy from field in the discharge channel is large and highly

an inductive energy storage device to a load on a di-torted due to the presence of the ionic species.
repetitive basis. The gas discharge within the Tht gas temperatures are very high (T f 30,000 K

6

switch can be controlled either by volume ionization with large fractions of the neutral and ionic species
S.of the gas by a nigh energy pulsed electron beam in highly excited vibrational and electronic levels,

.. ,(e-beam controlled) or by resonance ionization of the and the gas number density in the discharge channel
- gaseous medium using a pulsed high power UV laser is correspondingly low. Considerable fragmentation

( .optically controlled). In both cases, the electric of the gas constituents is also expected at early
field across the switch during conduction must be times (<10

- 6 
s), and these radicals may subsequently

sufficiently low. such that the discharge is recombine to form the original molecules or new
completely controlled by the external electron species.

source.

The rapidity with which the gas mixture recovers
Several operating parameters may be defined for to its initial properties is dependent upon a number

diffuse discharge opening switches, most of which are of processes witnin the discharge. At early times
common to both e-beam and optically controlled (110-6 s), recovery is dependent upon the recombi-
diffuse discharges. Knowledge of these parameters nation rates of the various ionic and neutral species
can ther, form a basis for tailoring specific gases in the discharge channel. The rates for collisional
.__._and radiative quenching of the vibrational and

*Research sponsored in part by the Office of Naval Research under contract 43 01 24 60 2 and in part by the
Office of Health and Environmental Research, U.S. Department of Energy under contract DE-AC05-640R21400 with
Martin Marietta Energy Systems. Inc.

Also. Department of Physics The University of Tennessee, Knoxville Tennessee 37996.

P Fresent address: Theoretical and Physical Chemistry Institute, The National Hellenic Research Foundation,

- 48 Vassileos Constantinou Avenue, Athens 501,/1, Greece.
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metastable excited states are important at early E'N; stages of the switching action. In the
times. The return to true thermal equilibrium at conducting stage, the requirements are.:
later times (t i0

5 
s) is controlled by the drift

and diffusion of the ionic species, and the transfer 1. Maximum electron drift velocity w (IC
,
7 cm s-1),

of the gas kinetic energy out of the discharge
channel, and ultimately into the electrodes and walls 2. Minimum e-beam "ionization energy" W,
of the switching device.

3. Minimum electron loss due to attachment and
The time domain we are probing in our present electron-positive ion recombination,

experiments is the final fraction of the switch
recovery transient where the gas temperatures are 4. Minimum ionization rate constant k (the con-
within a few hundred degrees C of ambient (,300 K). ductivity of the gas discharge is required to be

This region of the gas recovery process is the most completely controlled by the external ionization
crucial for switching studies in that high repetition source, otherwise the opening time of the switch
rate (<103 s 1) switching will occur in this region, will be considerably increased due to additional
and it is vital to know how close to true thermal gas ionization when the e-beam is switched off).
equilibrium the gas mixture need recover in order to
regain its full switching capabilities. In the opening stage, the requirements of the gas

mixture are as follows:
An understanding of the factors that affect the

operation of the switch under these conditions can be 1. Minimum electron drift velocity w,
obtained by performing the electron transport and
rate coefficient measurements at gas temperatures 2. Maximum electron attachment rate constant ka ,
above room temperature. The higher the gas tempera-
ture at which the measurements can be performed, the 3. High breakdown strength E/Ni m (I0-15 V cm2).
earlier the fundamental processes controlling the gas
recovery can be probed after a switching impulse. In 4. Self-healing gas mixtures for closed cycle
this paper, measurements are given of the electron operation,
drift velocity w, attachment coefficient f/N , and

* f ionization coefficient a/N (where N is the attach- S. In photoexcited and photoionized gas discharges
ing gas number density) in C2F6/Ar gas mixtures at (required for laser-controlled discharges) it is
30C and 500 K, and the electron attachment rate desirable to have an electron attaching gas in
constant as a function of <c>, k (<,), for C2F6 and which electron attachment can be increased by
C5F5 at gas temperature up to 7 K. These results photoexcitation of the molecules by the laser
may be used to understand the influence of elevated radiation.',10

- - . gas temperatures on the repetitive operation of the
diffuse cas discharge- The desirable characteristics for the E/N depen-

dence of w and k for the gas mixture in the diffuse
These experiments have beer, performed in con- discharge are shown in Fig. 1.1.11.12

Junction with two other studies which have been
reported on earlier in these proceedings.

7,8  
Studies

- .have been performed to optimize the gas ionization ORNL DWG 85 9230
efficiency (i.e., to reduce the energy required to

- produce an electron-positive ion pair, W) of the high CONDUCTING OPENING >
energy e-beam in practical switching gas mixtures. ' STAGE STAGE
In another study, the effects of gas decomposition
have been simulated using low current corona gas 0
discharges.

8  
This study has shown the impurities

that are likely to occur in repetitively operated gas
discharges and indicated ways in which the buildup of /
these impurities can be minimized. |

Operatino Parameters of a Diffuse Gas
Discharge Opening Switch O

It is possible to establish several requirements L"
of a gas mixture in the diffuse gas discharge which|o
will optimize the performance cr the switch. The /
conductivity of the discharge must be maximized while 1
the switch is conducting [i.e., the voltage drop, and E5
hence the E/N, across the discharge should be low 0>/ z
(E/N 3 - 10

- 1 7 
V cm2 ) to minimize power losses and, %

consequently, gas heating effects in the switcn). :./
The opening time of tne switch must be as short as /-r
possible ti.e. , largest rate of decrease in the U

discharge current) once the c-beam has been switched -
off n order to maximrze the voltage developed across 3 120
the inductive energy storage device Consequently,

3 tne electron conductivity in the discharge must be E/N (10-17 V-cm 2 )

minimized during the opening stage, and the gas
mixture must be able to withstand high transient Fig. i. Schematic illustration of the electron
voltage levels (E/N 1t.

- l 
V cm

2
) while the switch attachment rate constant k (E/N) and the electron

is opening. drift velocity w(E,'N) characteristics required of a
gas mixture for use in a diffuse discharge opening

These operating conditions allow us to define switch. Approximate values of E/N for the discharge
several desirable characteristics of the gaseous in the conducting and opening stages of the switch
medium in the conducting (low EN) and opening (high are shown in the figure (from Ref. 11).

-.... .... ....
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Room Temperature Measurements of w(E/N) and r/Na(E/N) 14

for C. F./Buffer Gas (Ar CH. , N. CFA) Mixtures

Electron drift velocity measurements have been 7 0.1 C2 F6  C 2 F6 ,'CH 4  MIXTURES

performed by us in a number of gas mixtures at room E 12 0 0.5 C2 F6
temperature and have been reported elsewhere.• All U 0

these gas mixtures have been found to exhibit maxima to 2.0 % C2 F5  *
in w at low E/N values and a region of decreasing w C *10.0 C 2'F 1
with increasing E/N at higher electric fields [called C' 10 6

a region of negative differential conductivity (NDC)] 30.0 CF6  7 -

which, as shown in Fig. 1, is very desirable for 3:

diffuse discharge switching applications. In this >1 00 ' C2F6  
A -,

paper, we report our present measurements in C2F6 / 
-- 8 •- -

buffer gas mixtures at room temperature as these gas 3 o
mixtures were used in our high temperature electron 0 ,
drift and attachment studies and were chosen as being --J

U
representative of this class of gas mixtures as a > 6
whole.

Electron drift velocity measurements in C2F 6 /Ar -

and CF 6/CH4 gas mixtures are given in Figs. 2 and 3, n0 4
respectively, over the concentration range of 0 to
100% of the attaching gas in the buffer gas. These Z 7/'
gas mixtures, along with the other gas mixtures given 0

in Ref 1, all possess pronounced regions of NDC over k- 2
a range of E/N values. The NDC effects observed in L
several of these gas mixtures are among the largest _
that have been observed in any gas mixture and are LU

the result of large vibrational inelastic energy loss 0
processes in these electronegative gases at compara- 10- 10 10 10
tively low electron energies 10.1 < t < 1.0 eV)( 2
combined with small a (e) values and possibly even E/N (V cm)

RasaerTonsn-typ mnmai () for these
Ramsauer-Townsend pe minima in 0 (E) Fig. 3. Electron drift velocity w versus E/N
gases at the low electron energies (such Ramsauer-
Townsend minima have been observed for the for several CF 6/CM4 gas mixtures.
nonfluorirated analogues"), greater. Further it is evident from these findings

that by varying the concentration of C,FP in the

16 . buffer gas, the w(EN) functions can be choser. to
have maximum values in the E/N range of l-1C 10

-
17

S100 V cm
2
. which is roughly the range characteristic of

1 7 0.1 C2F6  C2F6/Ar MIXTURES the conduction stage of the switch (Fig. 1). The
E *peak values of w in the C2F,!CHi4 gas mixtures are

0.2 0 C2F 6  considerably less sensitive to tne fractional com-
SL 0.5 C2F6  position of the gas mixtures compared with the C2F,!

o 12 * 1.0 , C2F6  Ar gas mixtures.

Z- 2.0 C2F6  -Measurements of w in C2Fr/N 2 and C2F6 /CF, gas
t V 5.0 C2F 6  ' mixtures have also beer, made and are given in Figs. 4

10 : 10.0 C2 F6  A and 5, respectively. Nitrogen has been used as a

A 30.0 r C2F6  A buffer gas in several small-scale switching experi-

0 100 C216 A . ments due primarily to the availability of a con-

-.1 section data base for this gas, making it amenable to

$. V C V theoretical modeling studies which may then be com-
IA ., C pared with experimental measurements.3

, 4- ;7  
Switch-

,..-. 6 - ,. ing experiments have recently been reported by
.V Bletzinger in C2F/N 2 and C3F8/N 2 gas mixtures. 

4

V V ,The w measurements given in Fig. 4 indicate that
A VT V. these gas mixtures are not particularly suited for

z switching applications as they do not show the pro-
0 oA % nounced electron drift velocity enhancement at low

.t i4D % electric fields that the mixtures given in Figs. 2

2 t"-r A 4 4 and 3 possess.

LU ,.4 i:~ .:~* V Gas mixtures composed of varying percentages of
r.0 '*m . ... .....o C Fr in CF4 also do not show significant change in

-- s the drift velocity maximum (Fig. 5). Drift velocity

measurements were made using this gas mixture to
E/N (V cm 2)  determine if the synergistic effects that we have

F1q 2. Electron drift velocity w versus E/N observed on w in the C2Fp/Ar. CFs/CH4 . and other

for several C2F6,Ar gas mixtures, attaching gas/CM4 and attaching gas/Ar gas mixtures
(Figs. 2 and 3 and Ref. 1) would also be observed in

It is apparent from these figures that gas this gas mixture. The measurements show that the

mixtures comprised of >15% of C2Fe in Ar possess peak

,107 c that of pure CF4  to that of pure C2 Ff. wher, thewvalues of -i0 cm. s *
1
, while at all concentr ations percentage Of CF 6  is increased.

of C2F1 in CH4 , the peak value of w is 10
7 
CM s

-
1 or

..............................................



32
16 32 mixtures, obtained using the technique outlined ;n

.- Ref. 18 are given in Figs. 6 and 7. respectively
C2F6jN 2  MIXTURES 10-'5 .....

. - E a ' c m = C 2 F r / A r*0 N E 100 N2  0.1

40 12 7 0.5112l MIXTURES

. v • Z.0 C2F6  , - 0.5% -' , -

"10 ;10.0 C2F6
A2.0- u'30.0 C2F 6  Z a

U. - L W C

L.J "'4, . n c0;-6 a L 100 C2F6
"

/z
•"_j C e

> 10.0 e
66

00 15

I0
-  

10 4" 0-. -7 ..

E/N (V cm 2 ) 10" 10-1 10-'5
for Fig. 4. Electron drift velocity w versus EcN E/N (V cm

!rfrseveral C2F6/N- gas mixtures. Fig. 6. The electron attach~ment coeffic:ent

16 , f/Na for C2F6 and the effective ionzatior coeff -
.. : cient (o + n)/pN T (where p is the fractional concen-

tration of C2 F. in the gas mixture) for the gas

I C2 FW6 /CF 4 MIXTURES mixtures C2 F6 /Ar. The actual parameter meas.red in

14 the electron attachment experiment is (a - ,) )in
E 70-1 C2 F6  units of cm-'). This measurement can be either

0 normalized to the attaching gas number density N
S1 C2 Fwhen a = 0 to obtain the normalized attachment coet-
17 . 0 CF - ficient of the attaching gas constituent of the

6 mixture (shown in the figure by the solid lines for
10.0 .C2various percentages of C2F6 in Ar), or it can be

10 r , normalized to pNt to find the effective ionization
Z 30.0 C2F6 * coefficient of the mixture as a whole (shown in the

./1 figure by the broken lines for various percentages of
O , V 100 C2F6  *; 7 CF6 in Ar).

_j --J 'When Ar is used as the buffer gas, the magnitude
> of the electron drift velocity and attachment coeffi-

- ! - - cient and the positions of the maxima of :nese quan-
/ tities when plotted as a function of E N are very

- , , sensitive functions of the percentage of the attach-
i ing gas in the buffer gas. The peak positions move

4 ., to higher E/N values and the magnitude of the attach-
Z ment coefficient decreases by over one order of
C -OI magnitude in going from 0.1 to 100S, of the C2 F,

/ Z i (Fig. 6). Similar changes are observed for w in

, ! 'Z these mixtures, except that w increases with increas-
. VT ing concentration of the attaching gas (Fig 2, The
S J reason for this is that the add-ticn of ever small

0 amounts of a molecular gas to argon drast:icallv

-0- 1 "  I0-* i0- shifts the electron energy distribution function of

E/N (V cm 2  the mixture to lower energies lowering the mear.
electron energy <t> and, consequently, increasing the

. Fig. Electron drift velocity w versus E/N E/N value which corresponds to the ,, value for
for several CF,'CF4 gas mixtures, which w and nINa maximize In contrast to the

measurements in argon, the attachment coefficient and
Measurements of the attachment coefficient n,'N electron drift velocity in the attaching gas methane

normalized to the attaching gas number density N ana gas mixtures are not nearly as sensitive to the
the effective ionization coefficient (0 + n)/pN, attaching gas concentration as are the argon
(where p is the fractional concentration of th& mixtures, particularly at low attaching gas concen-
attaching gas in the buffer gas and N, is the total trations. The addition of small amounts of a moiecu-
gas number density) in C2F6,Ar and' C2F, ;-H4  gas lar gas to CH4 has only a small influence on the

-

,%.
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- A, m 'jPES
C2 F6 / CH 4  C v' a .'7 C

2
,

6 
c*--F

MIXTURES E Cr-

E 10 
5 •

m EU
>

"':- v € ," PERCENTAGE '2 0 .

I- '-"'of , U ',

a. . c 0 .1 t2"-.- I -•o: 2.0

"-""0 10.0 -4i

' $a -- 100

" 1 -" .... . ; ' . ... .10"4 10 7 l0-4 10-""-0, E/N (V c
2 )

E/N (V cm Fig. 8. Comparison of the electron attachment

*coefficient r/N and drift velocity w for Cje in

"Fig. 7.• The electron attachment coefficient selected gas mixtures of CJF6,'Ar. The mixtures shown
," IN and effective ionization coefficient (a + n),/ in this figure exhibit the desirable enhancement of

p NT afor CF, CM4 gas mixtures. See Fig. 6 for an the electron drift velocity at low EiN values and

,...explanation o the symbols. large electron attachment coefficients at hich E/'N
I • values similar to the optimum characteristics dis-

• .w,EiN) and q,,'Na(E'N) for the mixture as CH4 itself played in Fig. 1.

-'. already possesses sizeable inelastic loss processes
at low electro0 energies, and, consequentl. the.

electron energy distribution function in the methane '4 11A
mixtures is only slightly modified.- - 0 C2

I) - 6 z~rUE

These effects can be seen more clearly in 5rF lgs. 8 and 1. where 0iN (E/N) and w(E,0N) for E 'A C2F 6  1O0- M

selected gas mixtures of Cf?, in Ar and CHT buffer Q m i r
gases are plotted. These measurements indicate that t eeC d E6 A a 'e an
the peak nanof the s cag be positioned at appro- 0 EZ

pruate E/N vasmes by either varying the attaching opi h s dii-

a &

-' -gastouffer gas combination or by varying the per Z

:.centae of the attaching gas in the buffer gas, so as - 0 .A -

to maxeze the conductivity of the discharge when a C
asthe switch is closed and also maximize the rate of o . mLC

decrease izn the conductivity of the discharge and

*." ". thus mirmize the opening time of the switch when the Z 6 -
"." ". switch is opened The ability to tailor the gas - a -g

mixture to position the maximum in w or fl/N at given a - _ 0
E!N values allows considerable freedom in desigring z a A - 4
the operating parameters of the diffuse discharge n am
switch. Z am 10C '

Measurements of k (<E>), q/Na(E/Nl, and O/Na(E,'N) -n 2 2

at Elevated Gas Temperatures :L

The electron attachment rate constant k ('L 10
has been measured for C26 over the temperature range 10' C 10 10"
30C ' T ' t 50 K in order to investigate the influence £/N (V cm 2

)
of gas heating on the electron attaching properties Fig 9 Comparison of the electron attachment
ofcthis molecule (Fig. 1019 As the gas temperature coefficient ,,N and drift velocitv w for C2Ff in
increases k 't-') increases, and this increase is

progressively
a 
larger at lower energies such that the selected _as mixtures of C:F ,CH4 .

threshold and the peaK in the k j<&c I shift to lower Addtionaliv. we have measured the electron

eT a attachment coefficient fl/N and the ionization coef-;ncreases by 30% over this temperature range near a
its peaK at <L, e ficent Na in pure CF a 

and in gas rextures con-
ta;ning varying percentages of C-F, ir. At at a gas

temperature of 500 K in order to understand the
influence of elevated gas temperatures or, the trans-
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*75C K 100 C2F6
C 7N

.. : - E 300K 500K

UN

65C 1 0N

5M X , 0 (77-c)/No
.- z- ,, £

Z5 40 X . .

C
t. 4

._- .3 < A .

zCJF 6 IN ARGON 0 2

05 1 1.! 2 Z5 3 3! 4 49 5 5.5 -'

MEAN ELECTRON ENERGY. -c (eV) 100 200 300 400E/N (10-17 V cm 2
)

Fig. 10. Total electron attachment rate con-
stant kC as a function of the mean electron energy Fla. 11. Electron attachment coefficient q/N a
"t for aF, at temperatures 300, 400, 500, 570, 650, electron ionization coefficient (IN and effective
and 750 K (from Ref. 19). ionization coefficient (o n I)/N ofapure CF, at 30C

and 500 K as a function of EN.

port and rate coefficlents of gas mixtures for prac-
t:cai switching devices. These measurements along
with those obtained at room temperature (300 K) are
given in Figs . 11 and 12. It is apparent from the
measurements given in Fig. 11 that over the tempera-
ture range 300 s T - 500 K the ionization coefficient
-s practically unchanged [to within the uncertainty : ORNL-DWG 85 11441
of the present measurements (1±!O%)] by increases in E No- 0
the gas temperature. The electron attachment Coeffi- .. CZ6 r I
cient in contrast increases considerably (by A25%) at 10 * T
hicgher E'N values with a much smaller increase in Z 0.- 04-0-b M .%PES
r N occurrina at E/N values close to the tnreshold . ,_ 300
for" the attachment process tE.N 0- " 

V cm:L. # t - , 500l
The percentage increase in the rate of electron Z I ,.-7O
at tach.ent tc C.,F, :, both the rate constant - . _
IK (I and the attachment coefficient [ l/N (E,'N,[ ' e

staOies tFigs 10 and 11) near the peak ir. the L
"

attacnment process are similar (being 10% increase F • (
at 50C K out for the k ( ') measurements [where 0
the percentage of CF. in the Ar buffer gas is
negligibly small (<I part in 10 6)], the greatest 107"

increase in ka occurs near the threshold, while for I
athe f/n measurements in pure C

2
F
6
, the greatest M

change occurs at the higher E'N values near the tail 4
of the attachment coefficient. This behavior can be 1- :
more clearly seen in Fig. 12 where the attachment "
coefficient obtained from the rate constant measure- Z
ments for Cj,. (lN =a k 'w. where w is the electron c -

drift velocitv in r: s plotted along with the -
measurements obtained for varying concentrations of
CF, in Ar. These measurements indicate that as the _,
percentage o! :J, in Ar is increased, the change in w- 10

N at threshold decreases, while the percentage E/N 1'v crr)
:ncrease in the electron attachment at the high

energy tail increases with increasing C2F6 concentra- Fsg. 12 Electron attachment coeffic-,ent f,'N
ticn This observation is believed to be the result for several C2FAr gas mixtures as a functzo
of changes in the electron energy distribution func- E/N The measurements for N - C' are obtained from
tion in the swarm measurements with increasing C2F 6  the attachment rate constane measurements giver. in
concentratior., rather than actual changes In the Fig. 10 where 1-/N = k w and N is verv smaK 1(,.
attachment processes to C.F part in 10'

) 
compared awith thea o ffet gas nrumbe:

density.

,. - . . .. - ". % i. ". - - . . . . . . . . . . . . .., - .. ... . " - ,. . . - . . .. . .. . , . .. ", , . . .. ,. . . ..- , ..-- . , . ,
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dtstribution function can also be seen in the drift
velocity measurements for several C2F6/Ar gas mix- 300K 5KC 2F6 /Ar
tures given in Fig. 13. The greatest change in w 0 T 0.1% C2F6 9
occurs at the low E,,N peak in the w curves for the 14MIXTURES
CFj/'Ar mixtures, while the measurements at lower and E A 1.0 C2F6  9
higher E/N values appear to be unaltered by changes U
in gas temperature [to within the uncertainty of the W C * 10.0 C216
measurements ( t5%)]. The drift velocity in pure 2 1
CJF6 is considerably modified over the whole E'N # C 9 100 C2 F6  €
range, and this may be the result of changes in the ..:
electron energy distribution function brought about 10 4
by the increase in the electron attachment cross
section at the higher gas temperatures. The influ- 0
ence that changes in the magnitude of the attachment
coefficient have on the electron energy distribution O'
function fand consequently upon the transport coeffi- Lj
cients) has recently been discussed.

20  
The changes > ... 5

in the electron drift velocity in the C2 •Fr/Ar gas 1. 6
mixtures at elevated gas temperatures are expected to L. 'A-&
be considerably smaller than those in pure C2 F6 , Ck: 1- & .. "

since the electron energy distribution functions in 0 A'

these mixtures are determined not only by the z
scattering processes in C2F6 but also by these pro- O .W
cesses in the more abundant Ar buffer gas, partic- a:
ularly at low CF 6 concentrations. - -#;I '

Measurements of k (<t") have also been performed -- .
in CF. as a functionaof gas temperature up to 750 K W

in Ar buffer gas (over the mean electron energy range 010_,
-.76 , 'L., S 4.8 eV).' These measurements are given 10 10 10-  1

in Figs. i and 15 and show that at a given value of E/N (V cm 2
)

-& . k decreases only slightly up to T 1 400 K. then

14rapidly decreases wit'h increasing T up to T , 450 K, Fig. 13. Electron drift velocities as a func-
and finally significantly increases with increasing T tion of E.'N for several concentrations of CFc in Ar
above this temperature. The lower temperature at gas temperatures of 300 and 50C K.
measurements (T • 45, K, have been found to be
s:rongiy dependent on total gas pressure, indicating The Increase in the rate of electron attachment
that parent negative 1on, forration processes are that has been observed in C2Fk gas mixtures at the
sigr.ficant electron attachment processes at these higher gas temperatures (Fig. 12; is not expected to
temperatures.il At higher gas temperature (T seriously alter the characteristics of the diffuse
45: K) pressure dependent electron attacnment pro- discharge and may, in fact, be beneficial to the
cesses are negligible indicating that electron operation of the switch at these temperatures. On
attachment to CF 5 at these temperatures is predomi- the other hand, the changes in the rate of electron
nantly dissociative." The relative contributions of attachment and the type of electron attachment pro-
parent anion formation and dissociative attachment to cesses (i.e.. either parent anion format-on or dis-
the total electron attachment rate constant in C2F, sociative attachment) ate significantly affected by
at a fixed value of IL, as a function of gas tempera- the gas temperature in CF, (FIg. 15) and may signif-
ture are given in Fig. 15. These measurements indi- icantly modify the response characteristics of a
cate tnat relatively small changes in the gas kinetic repetitively operated diffuse discharge switch at
energy (and hence in the vibrational populations of elevated gas temperatures. Further studies are
the attaching gas) can have a large influence on the needed tc explore the influence of gas temperature on
electron attaching properties of C3F8 which could ir. the breakdown strength and switching characteristics
turn. significantly affect the performance of repeti- of these and other gas mixtures for possible use in
tively operated switches operating at elevated gas diffuse discharge switches.
temperatures using C3F.
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EFFECTS OF TEMPERATURE ON DISSOCIATIVE AND

NONDISSOCIATIVE ELECTRON ATTACHMENT

L. G. Christophorou,* S. R. Hunt r,
J. G. Carter, and S. M. Spyrou

Atomic, Molecular and High Voltage Physics Group
Health and Safety Research Division

Oak Ridge National Laboratory
Oak Ridge, Tennessee 37831

Results of recent studies on the effects of temperature, T,
on the dissociative and nondissociative electron attachment to
molecules are presented and discussed. These show the deli-
cate and large effects of T on the cross section ada a c p ofi< c

c p
* resonance dissociative [e + AX ' AX-* - A + X-]

-a
a c

and ad = cp' of resonance nondissociative [e + AX-

a
p a

AX-*AX] electron attachment to a molecule AX. For
AX molecules where only dissociative attachment processes
occur, the effect of T on ad is an increase in ad resulting
from an increase in p principally because of a decrease in the
separation time of A and X ; the energy integrated ada
increases with increasing average internal energy of AX. For
AX molecules with pure nondissociative attachment, the effect
of T is a decrease of and with increasing T resulting from a
decrease in p" (i.e., an increase with T of T--). For AX
molecules with both dissociative and nondissociative processes
the total rate constant (or cross section) increases or

*Also, Department of Physics, The University of Tennessee,
Knoxville, Tennessee 37996.

t Present address: Theoretical and Physical Chemistry

Institute, The National Hellenic Research Foundation, 48,
Vassileos Constantinou Avenue, Athens 501/1, Greece.
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decreases with T depending on the relative contribution of the
dissociative and nondissociative processes. It appears that
for both dissociative and nondissociative attachment the
effect of T on o or o ° is small except in those cases where
electron capture Sy thechot molecule is accompanied by geomet-
rical changes. Besides their intrinsic value, these results
are of applied significance in many areas where the operating
temperatures are higher than ambient and where the number
density of electrons and negative ions crucially affects the
performance of the device.

Introduction

Resonance electron attachment processes occur at low
(20 eV) energies and are generally discussed within the
formalism of the resonance scattering theory and the formation
of transient negative ions. Thus, resonance dissociative and
nondissociative electron attachment to a molecule AX is viewed
as occurring in two steps: (a) capture of the electron by AX
to form the transient anion AX-* and (b) the subsequent decay
or stabilization of AX*; viz.,

a
c p

e + AX -W AX-* - -A + X (dissociative) , (1)
S-1

a

a
c p

e + AX-- AX-* - AX (nondissociative) (2)
r -I
a

In reactions (1) and (2), a and a' are the respective elec-
tron capture cross sections, p anA: p' are the probabilities
for AX-* to decay by stable fragment [Eq. (1)] or parent
[Eq. (2)] anion formation, and T - and V - are the respec-
tive constants for AX-* to decay by autodetachment. While
many negative ion states (NISs) are usually involved in
process (1), only one NIS (the lowest) is usually involved in
process (2) [process (2) also requires that the electron
affinity of AX is positive (>0 eV)]. In certain cases
reactions (1) and (2) can proceed concomitantly and be in
competition.

Processes (1) and (2) can be classified [1,2] according to
the internal state of excitation of AX, viz.

U

U -" - - '' -'- -' -'-' : .. : ': . .: -: -.-, 1: -- :. .. '.: ., - --- -.--- -- - . 1 --." --" ". -." <
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a
c

c,v,j
e + AX*(G; v > 0; j > 0) - AX-*(G or E) _ decay , (4)

, c,E

e + AX*(E) mAX-*(E)decay (5)

In reaction (3), AX(G = 0, v = 0) is a molecule in its ground
electronic state G and predominantly in its lowest (v = 0)
vibrational state of excitation, and AX-*(G or E) is the
transient anion formed in either the field of the ground (G)
or the field of an excited (E) electronic state with a capture
cross section a In reaction (4), AX*(G = 0, v > 0, j > 0)

0 is a molecule in its ground electronic state, but in higher
vibrational (v)/rotational (j) states, and AX-* (G or E) is
the respective transient anion formed with a cross section
a y . In reaction (5) the target molecule AX*(E) is elec-
tr6niaally excited, and the electron is captured in the field
of an excited electronic state producing AX-*(E) with a cross
section 0 . Most studies to date concerned themselves with
reaction 3f. Swarm studies on reaction (5) are in progress
at our laboratory. Electron attachment to "hot" molecules
[reaction (4)] (the vibrationally/rotationally excited mole-
cules can be formed by either laser excitation or by gas
heating) have been reviewed [2].

In this paper we discuss reaction (4) with reference to
published data and with reference to new results obtained at
our laboratory on polyatomic halogenated compounds. Studies
of the effects of temperature on the various electron attach-
ment processes are of both intrinsic and of applied signifi-

* cance. With regard to the latter, in many applied areas the
operating temperatures are higher than ambient and the per-
formance of the various devices is crucially affected by the
number density of electrons and negative ions (such is the
case, for example, in diffuse discharge switches) and thus by

. T. Our discussion of resonance electron attachment to hot
molecules will be separated into three parts: (a) electron
attachment to molec.iles where only dissociative attachment
processes occur, (b) electron attachment to molecules where
only nondissociative electron attachment takes place, and (c)

" electron attachment to molecules where both dissociative and
nondissociative electron attachment processes occur over an
energy range.

.3
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Effects of Temperature on Electron Attachment to
Molecules Where Only Dissociative Attachment Occurs

Diatomic Molecules

The cross section, Oda' for (1) can be expressed as

da = c p - (6)

In Eq. (6) the capture cross section a depends [2-4] on the
autodetachment width F and the dissociation width F and

a d
varies inversely with the resonance energy e ; the probabil-
ity p is usually expressed as [2-4] max

p = e , (7)

where T is the average separation time of A and X and T is
the average lifetime of AX-*. As T increases, higher-lying
vibrational levels of AX are populated for which the inter-
nuclear distances increase significantly (and hence the
Franck-Condon region is broadened), and the magnitude of da
for molecules, AX* in such excited nuclear motion states

V ib r'increases significantly; also, the threshold energy is
lowered, and the Fd is increased (e.g., see Refs. 2, 5). Such
an enhancement in a, however, can be small in cases where
the dissociative atachment process is exoergic and the
potential energy curve for the transient negative ion AX-*
crosses that of the neutral molecule close to the equilibrium
separation.

The increase in ada with T results from an increase in both
0c [as higher vibrational levels of AX are populated,cprogressively lower energy electrons, for which ao is larger

[2,6], are captured (also the Franck-Condon factors change)]
and p. However, the increase in a is usually small [except
perhaps in those cases (e.g., N20 [7]) where geometrical
changes concomitant with electron capture occur] compared with
that in p; the latter dominates the T dependence of a and
results from a shortening of T associated with the spatially
more extended wavefunctions ofAX* Theoretical calcula-

vibr*tions [2,5,8,9] have shown that the effect of rotational
excitation on a is usually small and that the effect of
vibrational excitation substantially accounts for the observed
increases in ada with T.

The aforementioned conclusions are based on experimental
and theoretical results on diatomic molecules (02, H2 , D2 ,
HC1, DCk) [2,5,8-11]. Examples of these findings are shown in
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Figs. 1 and 2. In Fig. 1 are plotted the calculated_[8]

values of a close to the vertical onset for H /H2 and D /D2

for H 2 and ja in various vibrational levels v. In Fig. 2 the

experimental (see figure caption) ad for C- from HC2 and DC2

are shown for HCk/DCC in the v = 0, 1, and 2 levels. The ada
increases dramatically as the vibrational quantum number

increases. For a given pair of isotopic molecules, the lower
the vibrational energy hv of a given mode x is, the larger is

.X
the effect of T on ada since at a fixed T higher levels v are
populated for which - is shorter (p larger). It shoufd be
realized, however, thal unless T is very large or & small,
the increase of the measured ada with T is much smafer than
indicated in Figs. 1 and 2 because ada is the Boltzmann-
factor-weighted ad for all levels v I and only a small frac-
tion (itself a function of the size of hv x) of molecules are
in higher vibrational levels.

It has recently been pointed out [10] that the data in
Figs. 1 and 2 show that the isotope effects observed [2,6] in
the a for H2/D2 and HCI/DC2 (and for other molecules [2,6])
depeng on T. As T increases, r decreases and hence the
isotope effects become less pronounced; for a given T, higher
vibrational levels (for which p is larger) are populated in
the heavier molecule (h n < hv H) and thus the increase in ada
with T is larger for the heavier than for the lighter analog
(see insets in Figs. 1 and 2). Actually (see inset in
Fig. 2), when HCU/DCU have vibrational energy >0.1 eV this
increase in o a overtakes the opposite effect (decrease)
introduced by t~e larger reduced mass of D-C- compared with
H-C2 , so that the ratio [ada(&max)]DC£/[ada(Cmax)]HC which

for HC and DCU in the v = 0 level is equal to 0.71 (Ref. 12)
becomes >1.

The cross section data for the various v levels of H2 and
D2 in Fig. 1 have been used [10] to determine the contribu-
tions to the total da (T) from the various vibrational levels
at a number of T; at each value of T the cross section for a
particular vibrational level v (see Fig. 1) was multiplied by
the fractional population of that level. The resultant cross
sections ad (v) are shown in Fig. 3 along with the total
a (T) [the sum of a d(v) over all contributing v levels].
Although these results are approximate (the cross sections in
Fig. 1 for the various v are threshold values [8]), it is
clear that as T increases the isotope effect decreases (see
inset in Fig. 3).

.. . . . . . . . . .. -. . . . . . . . .
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Figure 1. Calculated [8] rda for H-/H 2 and D-/D 2 with H2/
D2 in various vibrational leveLs. The data are for energies
close to the vertical onset. Inset: Ratio a a of the a
for D /D2 and H /H2 as a function of the neu{ral molecule s
vibrational energy (from Ref. 10).

Similar calculations [10] for HC1 and DC. are more limited
since for these molecules only cross section data for the v =
0, 1, and 2 levels are available (see Fig. 2) and the effect
of rotational excitation of a (T) may not be insignificant
[9,11] as was the case for H2 and D2 [8,14]. Nevertheless,
the contributions to the total dissociative attachment cross
section ada (T) from the v = 0, 1, and 2 vibrational levels in
Fig. 4 show that the total a_ (T) of DU exceeds that of HCk

at T > 650 K (see inset in Fig . 4), while it is only 70% that
of HC2 at T -- 300 K.

It is thus apparent [10] that the isotope effects observed
in dissociative attachment depend on gas temperature; they are
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" Figure 2. Experimental [11] ada for C1-/HCI and C9-/DCi
for HC2 and DC2 in the v = 0, 1, and 2 levels. These cross
sections were obtained from the values reported in Ref. 11 for
the ratios a (v = 1,2)/oa (v = 0) for HCU and DC2 [a (v =

1)/ad(v = O aand a (v =9 )/a_ (v = 0) were reported [II] toa 3 Alad da tbe, respectively, aand 880 for HC2 and 32 and 580 for DC2]
and by normalizing the ada (v = 0) relative cross section of
Ref. 11 to the cross section measured [12] at T = 300 K (the
peak value of a. for HCL and DC2 is, respectively, equal to
1.95 and 1.4 xOd0 - 17 cm2 at NO.8 eV [12]) (from Ref. 10).

the largest when the isotopic molecules are in their v = 0
levels. It is also apparent that while for diatomic molecules
the ratio da (v > 0)/uda(v = 0) increases with increasing
vibrational energy, for a given T the internal energy is a

- function of the magnitude of hv and for polyatomic molecules
also of the number of vibrational degrees of freedom N.

Polyatomic Molecules

.1 Earlier work on the effect of T on a of polyatomic mole-
" .cules has been reviewed [2]. Recent worg on freons, which are

of interest as additives in multicompor.... gas mixtures for

use as gaseous dielectrics or in diffuse discharge switches,
* ,has been undertaken at our laboratory, and some of the results

we obtained are presented and discussed in this and the
,. following sections.
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by 0,1,2.. .gives the contributionessv) large totribuT)on
Y a (v) of molecules, respectively, in the v = 0,1,2-. dlevels.
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The energy, E, of the v = 0,1,2 .. vibrational levels was
determined using the formula E hcw (v + 1) - hcw x( (v +v e.fi),where h is the Planck constant, c is the speed ofl.ght,
and w and weX are the vibrational constants given in
Ref. 1. As T increases, progressively larger contributions
to c a(T) come from molecules in higher vibrational quantum
states. Inset: Ratio ad(T) /CY (T) atvaiuT (fo
Re f. 10) D2  da H2  vaiu T(fo

CFa. In Fig. 5 are given the measured [15] total elec-
tron attachment rate constants k (<&>) as a function of the
mean electron energy <C> for 300 ST 5 700 K. As T increases,

Sk a increases, especially at low <c>. In Fig. 6 are shown theStotal electron attachment cross sections a (e) obtained [15]

at each value of T from the respective k (<6,,T) in Fig. 5 -iia
the swarm unfolding technique [161. Tfe peak at "1.5 eV is
especially sensitive to changes in T. The peak value of a (c)
is increased by a factor of 3, and the energy position, E

..max
of the peak and the energy onset, AO, shift progressively to
lower energy as T increases. Electron beam studies (inset,

H%
-------------------. ,
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Figure 4. Dissociative attachment cross section .da(T) for

Ce /HCI and CR /DC2 at various T determined as described in
the text. For each T the length of the vertical arrows desig-
nated by 0, 1, and 2 gives the contribution a (v) to the

da
total a (T) of molecules, respectively, in the v = 0, 1, and

. 2 vibrational levels (the energy of each vibrational level was

determined as described in the caption of Fig. 3). The sum,
2
I a (v), of the ad(v) for the v = 0, 1, and 2 levels is

v0_ da d

also given in the figure. Since for T > 1000 K the contribu-
tions to Oda(T) of molecules in v > 2 is substantial, the

a 2
values of Oda(T) -- da (v)] in the figure for 1000 and

vv dO
1500 K are grossly underestimated. As a consequence of this,

*... the values 3f the ratio "[da(T)]/c[Oda(T)]HC, for 1000 and
1500 K (see inset) are lower than tneir true values (this is

indicated in the inset by the data points )(from Ref. 10).

_ .1. * 0 *.
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Figure 5. Total electron attachment cross section versus
electron energy for CCeF3 measured [15] in the buffer gases N2

or Ar at various temperatures; the k (<&>) were independent of
gas number density. a

Fig. 6) have shown [15] that at low gas pressures CCUF 3
captures electrons exclusively via dissociative attachment and
that the peaks at -1.5 and _-4.7 eV are the former due to C2
and the latter due to C2 , F , CCkF 2 , and C2F ions.

C2F .  In Fig. 7 the k (<C>,T) are given along with the
relative abundance of the fragment negative ions observed
(inset, Fig. 7) in a beam study [17]. No parent negative ions
were observed in the low pressure beam study, and this is
consistent with the absence of any pressure dependence of
k (<&>,T) in the swarm study. In Fig. 8 are plotted the swarm
a
unfolded cross sections which show a single peak due to F and
CF3  (see inset of Fig. 7). The decrease in a and AO and

maxthe increase in FWHM (full width at half maximum) of y (t)
with T are shown in the inset of Fig. 8. a

U-
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Figure 6. Total electron attachment cross section versus
electron energy for CCIF3 unfolded from the k (<c>,T) data in
Fig. 5 at various T. The curve designated by the open circles
(o) isthe electron beam total attachment cross section

* normalized to the high energy peak of the swarm unfolded cross
section for 300 K. Inset: Relative intensity of the dis-

* - sociative attachment negative ions produced by low energy
electron impact on CC.F 3 as a function of electron energy

* measured in a beam study (these spectra were corrected for the
finite width of the electron pulse) [15].

* . In addition to the k (<E>),T) we measured in mixtures with
Ar, we also measured th~e electron attachment, n/N (E/N), and

a
ionization, I/N a (E/N), coefficients in pure C2 F6 at 300 and

........................................................
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number density [153. Inset: Relative intensity of the dis-
sociative attachment fragment anions measured [17] in a low

S-pressure beam study.

500 K. These measurements are shown in Fig. 9. The n/N data
are consistent with those obtained in mixtures of C2 F6 wath Ar
(Fig. 7).
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'o Variation of the Energy Integrated Attachment Cross Section
U with Temperature and with the Molecule's Internal Energy

" We have determined the energy integrated attachment cross
section

i0
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coefficients and their sum, (n + a)/Na, as a function of ESN
at 300 and 500 C for pure C2 F6 .

max
f ad(&,T) de (T) (8)da CYEIA
min

from the respective a (-T) measured for 0 /02 [18], CI/HCk

[11,191, C.2 /CC#2F 3 13J 0/M 20 [7,20], SF5 /SF6 [22,231, C2F6
[15] (all ions), and C3 F8 [26] (all ions). These are plotted
in Fig. 10a. The a E increases with T; this increase varies
from molecule to Kcule but not, however, in the simple

fashion (i.e., the lower the a at T = 300 K the faster its
increase with T) stated earlierE~I

The fast increase of a with T for SF 5 /SF 6 and 0/M 2 0 is

"most interesting. For 6this may be due to the larger

increase in p with increasing T probably because almost all 15
-vibrational frequencies of SF. are small [774 cm 1  (singly

•max

-.. dgneae),4 cm 1  "(doubly deeeae)/ 4,66,55 n

F F347 ure (al Eetrpn degent) [28]a and henc igh lyiaNg,

loefets eahmde re pul(ated, aseativelytlonT also,

1 i~~~t should be0 n ote tha te Cz f orS 5 /Fs s. o %.7e

- da ( ,T)-. . . . . . . . . . .(T)*(8 )
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Figure 10. Energy integrated dissociative attachment cross
section as a function of temperature (Fig. oa) and excess
internal energy <&>. -<c> (Fig. 10b) for 02, HC2, N20, SF6,

iapure

CC'2F 3, C2F6, and C3F 8t(seezthe text).

S[24] ) and that all six SF5-F coordinates lead to SF5 . For
N20 the large increase of with T may result from the fact

' that as T increases the 0 fo* molecule (in the bending
mode) [7,29] better facilitates upon electron collision the
geometrical changes (from a straight N2 0* to a bend N20-*)
which are known to occur concomitantly with electron capture.
It has been suggested [7] that the increased excitation in the
bending mode of N20 results -in a lowering of the position of
the NIS which leads to 0 formation; this would increase
greatly the magnitude of c and, thus da

' At any T there is a Boltzmann distribution B of the popu-
lation of the vibrational levels v of each vibrayional mode x.
For a molecule with N normal modes, the vibrational energies
of the normal mode x in the v = 0,1,2 .. levels (if we
neglect anharmonicity) are ev'x = (v + I)hvx and for each xv~x x

,e /kT -e /kT

v (9)

If we neglect the effect of rotational excitation and consider
only the effect of vibrational excitation to be significant,

'I-. - . . . -. 
. - . - - " . .¢ . . - ' " . . ' . .- - . ,, . w . " . ' - . - -

,
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then for a diatomic molecule the cross section a(&,T) can
dabe expressed as

"ad a( T) = B a •(eT)

vda0

For a polyatomic molecule the summation in (10) must be
carried out for all x. However, even if this were possible
the x are not independent.

Let us then assume that as T increases each vibrational
mode x of a polyatomic molecule is excited by an equal proba-
bility and that the total average internal energy <>.. of
the molecule is principally the sum of the energy in the
various normal modes, x, viz.

N O

<S>ntD x v v,x
x-1 v=0

where D is the degeneracy of the mode x. If we take <z>.
to be fhe molecule's total internal energy, then the moie-

N
cule's excess energy would be <>int-<F>z where <C> (= 1inz z=z

hv ) is the zero-point energy. If now, <0>. -<C> is dis-
trbuted quickly among the molecule's N vibratlonal egrees of
freedom and can thus become available for the dissociative
attachment reaction, one might expect a relationship between
,EIA and <t>. -<c> . Indeed, elA increases with <0. -<e>seeA Fig. i0 lhuhti nt z
(see Fig. 10W although this increase differs--as expected--
from one molecule to another. Actually, a better comparison
might have been a plot of a versus (<E>. -<e> )/E

ECF int maxThis would shift the C2F6 , C3F8,It2, and CC2F3 curves 0 lower
energies compared with SF6 for which e = 0.37 eV. The fact
that the curves in Fig. 10b for SFr, N20 mesh reasonably
well although c for SF6 is 0.37 eV and for N 20 it is
2.25 eV is consistent with the arguments presented earlier in
this section that the E for electron attachment to N20*
(bending mode) is lower Man the 6 for electron attachment
to unexcited N20.

While further experimental and theoretical work is neces-
sary (especially on polyatomic molecules) to fully understand
the effect of temperature on ad (e) and a (T), it is clear
that for both diatomic and polya omic molecies the changes ink,>), (e), and a (T) with T result principally from[ .= k~~da.<>,Oa() n
an increase with T of tle internal energy (- vibrational) of
the molecule.



55

Effect of Temperature on Nondissociative
Electron Attachment

The cross section, a for nondissociative electron
attachment--as that, da , or dissociative varies profoundly
with the gas temperature. Based on the data outlined in this
section, this dependence arises from an effect of T on both c °

and p. However, while for dissociative attachment ada

generally increases with T, for nondissociative attachment a 
d

generally decreases with T. Furthermore, while in dissoci-
ative attachment the increase in ada with T is predominantly
due to a decrease in T (and thus increase in p), the decrease
in a d for nondissociative attachment is due to a decrease in
T (and thus decrease in p) and o . These conclusions are

a C
based on the following results.

The cross section for the formation of SF5 - from SF6 at

^-0.0 eV has been found to increase dramatically with
increasing T (Fig. 10; Refs. 2, 22). However, a number of
studies [2] have shown that the total attachment cross section
or rate constant for SF6 is independent of T to -1200 K. This
implies that the formation of SF6  (whose a nd peaks at -0.0 eV
[2]) decreases with increasing T. Direct evidence for this is
provided by the early work of Hickam and Berg [30]. It is
presently not possible to which quantity, 0' or p', to ascribe

c
this decrease in and with T, although p is expected to
decrease with increasing T because T is expected to decrease

aas the internal energy of SF6 -* increases [2,6].

A large decrease of the attachment rate constant for non-
dissociative electron attachment to perfluoropropylene
(l-C3 F6 ) with increasing T has been observed (Fig. 11; Refs.
2, 31, 32). This has been attributed [31,32] to a decrease in
the Ta of I-C3F 6-* with increasing T.

C&F~

A profound decrease in the rate constant for electron
attachment to perfluorobenzene (C6F6 ) with T has been reported
for C6F6 (Fig. 12; Ref. 33). At T = 300 K, C6F6 forms parent
C6 F6 ions by capturing near-zero energy electrons [2]; the T

of C6F6-* was found to be "10 ps [2]. Spyrou ana
Christophorou [33] concluded that the decrease in k (<&>) with
T (Fig. 12) cannot be attributed to a decrease in a (decrease
in p) with T [the k (<s>) did not depend on the gas number

a

. . . . .
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Figure 11. Total attachment rate constant versus mean
electron energy for l-C 3 Fr, in N2 at 273 5 T 473 K (from

. ,Ref. 32).

density at any TI or other by-products resulting from gas
heating. They attributed it to a decrease in r' and suggested
that the increase in the internal energy of C6F6 affects
rather profoundly the rate for the capture transition (i.e.,
to differences in the magnitude of O' for the reactions e +

c
C6 F6 _+ C6F6 -* and e + C6F6 -+ C6 F6 _*).

While much improvement in our understanding of the effects
of the internal energy of a molecule on its electron attach-
ment properties is still desirable, it is clear that as a rule
-da increases and and decreases with increasing internal
energy, that is, increasing T. It is also apparent that for
both dissociative and nondissociative electron attachment p is

19 the determining factor unless geometrical changes concomitant
with electron capture effect changes in O or a'
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Figure 12. k a(<&>,T) for C6 F6 measured in a buffer gas of
N2. The C6F6 gas number density varied from 0.41 to 46.3 x
1013 cm-3 and that of N2 from 2.25 to 6.44 x 1019 cM- 3 (from
Ref. 33).

Effect of Temperature on the Measured Attachment Rate
Constant and Cross Section for Molecules for Which
Both Dissociative and Nondissociative Electron

Attachment Occur Over an Energy Range

Recently, we measured [26] the total electron attachment
rate constant k (<&>) for C3F8 in Ar in the temperature range
from 300 to 750 K. At T < 425 K the k (<c>) were found to
increase with increasing total gas number density Nt over the
entire <e> range (-0.5 to %5 eV) covered in these experiments.
At 450 K, the k (<&>) increased with N only for <E> < 1.2 eV
and at T > 450 * the k (<&>) were independent of N . Thea a t
k (<F>) also showed a weak dependence on the attaching gas
Amber density N due to the effect of the presence of the

attaching gas on %he distribution functions of pure Ar used in

0.
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the analysis; this effect was taken into account by measuring,
for a fixed Nt , the k (<&>) as a function of N and extrapo-L" .'"<& tha k ( a a
lating at each <&> he k (N to N 0. aa a a

In Fig. 13 are plotted the values, k1(<>), of k (<>) for
Na - 0 and N -' 0 for all values of T that data were taken,* . and in Fig.i1 k, is plotted as a function of T for two values

of <>. It is evident from thes-, data that kl(<e>) decreases
, to a minimum around 450 to 500 K and that it then increases as

T increases.
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,..'"'',Figure 13. Electron attachment rate constant k, (N 0;
Nt  0 ) for C3F8 measured as a function of mean electron

..- 450 K and (b) 500, 600, 675, and 750 K. The 300 K curve in
... Fig. 13b is the dissociative attachment contribution to themeasured ka (<&> ) at this temperature (see the text and

".-i' 'Ref. 26).

?. -..

2 **'

-.. N LECRO.ENRG. ., e°

Fiue1. Eeto tahen aecntn 1 (am0L "TL"-'" """''-'" ")fo " C3F"-" measured-" as.. a funtio of' mean electron -' -'
,: , ': ,, , '"r _, " '- , "./:, "--:- .--. .- '-'''.,....",.."."- . .-...- ' . .-..t" ."' ."



59

OML-DWG 85-11741

I45 10

.. ."...0'.425. K

,"*-" IO° *-
: '1

e C3F8  IN Ar

| - .,

* k 0.8
A' .. 300 K6

, - .. . .. - -- o.,..300 K
• i 9=~4?214 OV m . ' "

0.4

0 C3F8 IN Ar

(bl oo L

(b so 05 1 O 5 10 15 10 3.5 4.0 4.5

TEMPERATURE T(K) MEAN ELECTRON ENERGY. (E) (eV)

Figure 14. (a) and (b) Electron attachment rate constant
ki (N - 0; Nt - c) for C3F8 versus temperature T at the mean
electron energies <C> = 1.23 and 2.14 eV. (c) Ratio Rd of
the attachment rate constant due to dissociative attachmeA to
the total attachment rate constant (see the text) versus the
mean electron energy at 300, 400, 425, and 450 K obtained from
extrapolation of the k<>) measured at T > 500 K to lower T
(see the text).

The delicate dependence of k (<s>) on T can be understood
a* by considering the results of electron beam and electron swarm

studies. Single collision beam experiments on C3F8 indicated
the presence of only dissociative attachment anions and
established their identity and energy dependence; they also
showed the existence of a number of NISs which lead to dis-
sociative attachment [17]. On the other hand, the results of
high pressure swarm experiments on C3Fs determined the
magnitude of the total attachment rate constant and cross
section as a function of electron energy and their total

"-" pressure dependence [26,34]; they indicated that in addition
to the NISs which lead to dissociative attachment (observed in
single collision beam experiments) there exists another,
lower-lying NIS which is attractive and which leads to the
formation of parent negative ions with T < 10-6 s [26,34].
These findings and the observed effects of T on k (<&>)
(Figs. 13 and 14) and .Oda(c) (Fig. 15) have been ascrited to
electron attachment via an attractive NIS (with a positive
electron affinity and a steep repulsive part) leading to
parent anions and to one (or more) repulsive NISs leading to
fragment anions.

. ... . ..

° k. .. .. .
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Figure 15. Swarm unfolded total electron attachment cross

section (e) for CF obtained [26] from the k(<e>) in Ar
shown in gig. 13 at (a) 300, 400, 425, and 450 K and (b) 300,
500, 600, 675, and 750 K. In Fig. 15a is plotted also the
dissociative attachment cross section a (e) obtained from the

U swarm data at 300 K (curve S) and &Rea dissociative cross
section measured in an electron beam experiment (curve B)
which has been normalized to the peak of a (e) (see the
text). In Fig. 15b the curve for 300 K is fte curve S of
Fig. 15a. Inset: Variation of peak energy ( ),appearance
onset (AO), and full width at half maximum (FWA1 of the total
dissociative attachment cross section of C,3F8  with
temperature.
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The delicate dependence of k (<e>) on T (Figs. 13 and 14)acan thus be considered as the result of two opposite effects
of T: one on the rate constant for nondissociative and the
other on the rate constant for dissociative electron attach-
ment. As it has been shown in the previous section, as a
rule, the rate constant for pure nondissociative attachment
processes decreases and that for pure dissociative attachment
processes increases with increasing T. At each <&>, the
magnitude of ka is determined by the relative magnitudes of
the rate constants for nondissociative and dissociative elec-
tron attachment both of which depend on T. From the data in
Fig. 14, it is apparent that for T > 500 K the principal
contribution to the measured k originates from dissociative
attachment; this is supported by the lack of any dependence of
k on N at high T and from the observed increases in k with
Ta (500 to 750 K) which are characteristic of molecules which
attach electrons dissociatively. We then assumed [26] that
for T > 500 K the measured k is due entirely to dissociative
attachment and extrapolated (at various values of <c>) the
measured k at T > 500 K to lower T (see Figs. 14a,b) in an
effort to estimatethe dissociative attachment contribution to
the measured k at T < 500 K, where nondissociative attachment
takes place and becomes progressively more significant with
decreasing T. From plots such as those in Figs. 14a,b we
estimated [26] the ratio R (<e>) of the dissociative to thedt
total attachment rate constAnt as a function of <> for 300,

% "400, 425, and 450 K. These estimates are given in Fig. 14c
and show that the contribution of dissociative attachment
processes to the measured rate constant is both a function of
<> and T.

The total electron attachment rate constants kl(<e>)
(Fig. 13) were unfolded [26] and the total attachment cross
sections a (e,T) obtained are shown in Fig. 15. They decrease
in magnitude with increasing T from 300 to 1%450 K (Fig. 15a)
because in this T range the total cross section contains a
large contribution (which decreases as T increases) from
nondissociative attachment. An increase in T beyond -450 K
(Fig. 15b) results in an overall increase in the magnitude and
full width at half maximum--and a shift to lower energy of the
onset and energy of the peak (see inset of Fig. 15b)--
resulting from the increasingly larger contribution of the
dissociative attachment component to the total cross section.

In Fig. 15a are also compared the cross sections due to
only the dissociative attachment contribution to the total
cross section at 300 K (curve S) and the total (for all
fragment anions) dissociative attachment cross section for
C3FS measured in a single collision electron beam study [17];
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the latter was normalized to the peak value of the former. It
is seen that the peak positions of the two cross section
functions agree well and that both lie at a higher energy than
the total unfolded cross section aa (,300 K).

!a

Conclusions

While much improvement in our understanding of the effects
of internal energy of a molecule on its electron attaching
properties is still desirable, it is clear that as a rule ad
increases and a decreases with increasing T. It is also
apparent from the data obtained to date that for both dis-
sociative and nondissociative electron attachment the survival
probability is the determining factor (shortening of T in
dissociative and shortening of Ta in nondissociative eleckron
attachment with increasing T) unless geometrical changes
concomitant with electron capture effect changes in c (Oc).

From the practical point of view, both the increases and
the decreases in k (<e>) with T are significant because theyaaffect the conductivity/dielectric strength properties of the
gaseous medium. The sensitivity of k a(<e>) to changes in T

requires that proper attention be given to the operating
temperature range of a given device. Interestingly, the
sensitivity of k (<&>) to T (e.g., C6F6 ; see Fig. 12) can
perhaps be employed to change the conducting/insulating
properties of a gaseous medium by varying T.
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